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Abstract	  	  
Microbes	  are	  extremely	  diverse	  and	  capable	  of	  catalyzing	  many	  functions.	  	  
Currently,	  microbial	  species	  are	  defined	  though	  characterization	  of	  the	  microbe’s	  
metabolism	  and	  through	  sequencing	  of	  16S	  rRNA.	  	  Recent	  studies	  suggest	  that	  microbes	  
classified	  as	  the	  same	  species	  through	  16S	  rRNA	  sequencing	  may	  demonstrate	  high	  genetic	  
diversity.	  	  The	  goal	  of	  the	  study	  is	  to	  identify	  how	  much	  genomic	  diversity	  exists	  within	  a	  
single	  species	  from	  different	  deep	  marine	  locations.	  	  Differences	  in	  the	  physical	  and	  
chemical	  parameters	  of	  these	  locations	  may	  select	  for	  particular	  populations	  of	  microbes	  
capable	  of	  growing	  in	  these	  environments.	  	  We	  isolated	  over	  100	  bacteria	  strains	  from	  the	  
coasts	  of	  Australia,	  Angola,	  and	  Bermuda.	  	  Out	  of	  those	  isolates,	  we	  chose	  32	  
Pseudoalteromonas	  atlantica	  isolates	  that	  have	  greater	  than	  99%	  16S	  rRNA	  identity.	  	  We	  
sequenced	  the	  entire	  genomes	  of	  the	  32	  isolates	  and	  compared	  them	  to	  better	  understand	  
the	  genomic	  heterogeneity	  within	  this	  species.	  	  We	  found	  that	  the	  P.	  atlantica	  isolates’	  16S	  
rRNA	  gene	  sequences	  were	  more	  than	  99%	  similar,	  while	  the	  genomic	  makeup	  was	  much	  
less	  than	  99%	  similar.	  	  This	  work	  will	  demonstrate	  the	  utility	  of	  performing	  whole	  genome	  
sequencing	  to	  differentiate	  between	  closely	  related	  taxa.	  	  
	  
	   	  
Introduction	  
	   Microbial	  taxa	  are	  often	  identified	  using	  phenotypic	  and	  genetic	  methods.	  	  Most	  
commonly,	  taxonomic	  identification	  involves	  the	  sequencing	  of	  the	  16S	  rRNA	  gene.	  	  The	  
16S	  rRNA	  gene	  sequence	  is	  used	  for	  bacterial	  species’	  taxonomic	  identification	  because	  it	  is	  
a	  highly	  conserved	  genetic	  sequence	  found	  universally	  in	  bacteria	  for	  protein	  synthesis	  (5).	  	  
Since	  it	  is	  highly	  conserved,	  it	  can	  be	  used	  to	  identify	  the	  genus	  and	  even	  species	  of	  
bacteria.	  	  Thus,	  similarity	  of	  the	  16S	  rRNA	  gene	  of	  two	  isolates	  often	  corresponds	  to	  
taxonomic	  groupings	  (5).	  	  Bacteria	  are	  typically	  grouped	  into	  the	  same	  species	  using	  the	  
cut	  off	  of	  97%	  sequencing	  identity	  of	  the	  16S	  rRNA	  gene	  (1,	  2).	  	  Very	  closely	  related	  
bacteria	  have	  been	  found	  in	  different	  environments	  throughout	  the	  world’s	  oceans.	  	  The	  
environmental	  parameters	  of	  these	  locations	  can	  vary	  greatly	  from	  location	  to	  location.	  	  
Little	  is	  known	  about	  genetic	  difference	  between	  very	  closely	  related	  bacteria	  as	  well	  as	  
how	  adaptation	  to	  growth	  under	  different	  environmental	  conditions	  affects	  the	  genomic	  
makeup	  of	  microbes.	  	  However,	  previous	  studies	  revealed	  phenotypic	  and	  genotypic	  
diversity	  of	  closely	  related	  species	  might	  occur	  (3,	  4).	  	  Techtmann,	  et	  al.	  (2016)	  isolated	  oil-­‐
degrading	  Colwellia	  psychrerythraea	  from	  distant	  basins	  and	  isolates	  revealed	  great	  genetic	  
differences	  after	  whole	  genome	  sequencing	  (6).	  	  Because	  of	  the	  previous	  C.	  psychrerythraea	  
findings,	  we	  sought	  to	  investigate	  the	  genomic	  diversity	  of	  another	  oil-­‐degrading	  species,	  P.	  
atlantica,	  from	  distant	  deep	  marine	  locations.	  	  Pseudoalteromonas	  genus	  consists	  of	  gram-­‐
negative	  marine	  bacteria	  that	  are	  known	  to	  use	  hydrocarbon	  substrates	  and	  require	  
sodium	  for	  growth	  (1,	  7).	  	  The	  oil-­‐degrading	  bacteria	  are	  of	  interest	  because	  of	  their	  ability	  
to	  be	  used	  as	  a	  bioremediation	  solution	  for	  oil	  spills,	  such	  as	  the	  Deepwater	  Horizon	  spill	  of	  
2010	  (4).	  	  Oil	  degrading	  bacteria	  such	  as	  P.	  atlantica	  and	  C.	  psychrerythraea	  can	  be	  crucial	  
for	  expediting	  the	  remediation	  of	  potential	  drilling	  accidents	  in	  the	  future	  (4).	  	  We	  found	  32	  
P.	  atlantica	  strains	  out	  of	  the	  100	  isolates	  taken	  from	  three	  distant	  deep-­‐sea	  basins.	  	  The	  
Great	  Australian	  Bight	  (GAB)	  basin	  samples	  were	  taken	  south	  of	  Australia,	  the	  Western	  
Atlantic	  basin	  samples	  were	  taken	  off	  the	  coast	  of	  Bermuda,	  and	  the	  Eastern	  Atlantic	  basin	  
samples	  were	  taken	  off	  the	  coast	  of	  Angola.	  	  We	  wanted	  to	  determine	  if	  there	  is	  a	  high	  
amount	  of	  genomic	  diversity	  between	  the	  P.	  atlantica	  isolates	  and	  if	  the	  physical	  and	  
chemical	  factors	  of	  the	  environment	  contribute	  to	  the	  genetic	  differences.	  	  To	  do	  this,	  we	  
sequenced	  the	  whole	  genome	  of	  10	  P.	  atlantica	  isolates	  and	  compared	  the	  Pan-­‐genome	  tree	  
results	  to	  the	  Phylogenetic	  tree	  results.	  	  Furthermore,	  we	  compared	  the	  optimal	  growth	  
temperature,	  along	  with	  the	  Carbon,	  Nitrogen,	  and	  Osmolyte	  metabolisms	  of	  each	  P.	  
atlantica	  isolate	  in	  this	  experiment.	  	  We	  hypothesize	  that	  the	  16S	  rRNA	  and	  whole	  genome	  
results	  will	  reveal	  significant	  genetic	  diversity	  between	  the	  P.	  atlantica	  isolates.	  	  In	  
addition,	  we	  believe	  that	  the	  different	  physical	  and	  chemical	  environmental	  factors	  are	  
influencing	  the	  genomic	  differences	  seen	  in	  P.	  atlantica.	  	  This	  work	  will	  help	  us	  to	  better	  
understand	  how	  diverse	  a	  bacterial	  species	  is	  and	  how	  the	  environment	  is	  contributing	  to	  




	   The	  water	  samples	  were	  taken	  from	  south	  of	  Australia	  in	  the	  Great	  
Australian	  Bight	  basin,	  off	  the	  coast	  of	  Bermuda	  from	  the	  Western	  Atlantic	  basin,	  
and	  off	  the	  coast	  of	  Angola	  from	  the	  Eastern	  Atlantic	  basin	  (Figure	  1).	  	  These	  basins	  
were	  selected	  because	  of	  their	  great	  distance	  from	  one	  another	  and	  their	  current	  
patterns.	  	  These	  factors	  make	  the	  three	  basins	  isolated	  and	  ideal	  for	  our	  study.	  	  At	  
each	  sampling	  site	  within	  the	  three	  basins,	  the	  temperature,	  salinity,	  and	  depth	  of	  
the	  site	  were	  taken	  using	  the	  conductivity	  temperature	  depth	  device,	  which	  is	  a	  
standard	  marine	  sampling	  device.	  	  These	  characteristics	  were	  recorded	  in	  tables	  
located	  in	  the	  results	  section.	  	  	  
Isolations	  and	  DNA	  Extraction	  
The	  water	  samples	  taken	  from	  the	  different	  sites	  at	  each	  basin	  were	  grown	  
on	  Marine	  Broth	  agar	  medium	  with	  crude	  oil.	  	  Then	  we	  picked	  colonies	  with	  similar	  
morphologies	  from	  the	  agar	  and	  streaked	  them	  on	  either	  ONR7A	  or	  Marine	  Broth	  
agar	  medium	  with	  crude	  oil.	  	  ONR7A	  media	  was	  chosen	  due	  to	  P.	  atlantica’s	  optimal	  
ability	  to	  metabolize	  it	  in	  previous	  studies	  (6).	  	  After	  growth	  on	  agar,	  we	  picked	  99	  
isolated	  colonies	  to	  grow	  in	  their	  respective	  liquid	  media.	  	  Then	  we	  extracted	  DNA	  
for	  each	  isolate	  after	  high	  optical	  densities	  were	  observed.	  	  DNA	  was	  extracted	  using	  
the	  MoBio	  Ultraclean	  DNA	  extraction	  kit.	  	  To	  measure	  the	  quality	  of	  DNA	  and	  
roughly	  estimate	  the	  DNA	  concentration,	  we	  measured	  the	  260/280	  ratio	  on	  a	  
Nanodrop	  spectrophotometer	  (7).	  
	  
Sequencing	  of	  the	  16S	  rRNA	  gene	  
Polymerase	  Chain	  Reaction	  (PCR)	  was	  then	  performed	  to	  amplify	  the	  16S	  
sequence	  of	  each	  isolate	  using	  1492R	  and	  27F	  primers.	  	  We	  ran	  a	  gel	  electrophoresis	  
on	  the	  PCR	  products	  to	  ensure	  the	  16S	  gene	  was	  successfully	  amplified.	  	  Bands	  were	  
compared	  to	  a	  ladder	  to	  observe	  an	  approximate	  size	  of	  1,500	  bp	  for	  the	  amplified	  
product.	  	  The	  PCR	  product	  was	  cleaned	  using	  the	  zymo	  DNA	  clean	  and	  concentrate	  
kit.	  	  DNA	  concentration	  of	  the	  product	  was	  determined	  using	  Qubit.	  	  Then	  the	  PCR	  
product	  was	  sent	  to	  Walter’s	  Life	  Science	  sequencing	  facility	  to	  obtain	  the	  16S	  
forward	  and	  reverse	  nucleotide	  sequences.	  	  We	  uploaded	  the	  sequence	  files	  in	  the	  
application	  called	  Sequencher	  to	  assemble	  the	  forward	  and	  reverse	  reads	  into	  a	  
contig.	  	  We	  edited	  the	  16S	  contig	  of	  each	  isolate	  with	  Sequencher	  and	  then	  BLASTed	  
the	  final	  edited	  sequence	  in	  the	  NCBI	  database	  using	  the	  nucleotide	  blast	  function.	  
Once	  the	  identity	  of	  each	  isolate	  was	  confirmed,	  we	  chose	  32	  Pseudoalteromonas	  
isolates	  that	  had	  greater	  than	  99.5%	  16S	  rRNA	  identity	  to	  one	  another.	  	  
Genome	  sequencing	  of	  isolates	  
Next,	  we	  prepared	  the	  32	  isolates	  for	  whole	  genome	  sequencing	  by	  beginning	  
library	  prep.	  	  First,	  we	  performed	  high	  sensitivity	  Qubit	  readings	  on	  the	  genomic	  
DNA	  to	  determine	  if	  the	  samples	  needed	  to	  be	  diluted.	  	  Once	  we	  obtained	  desired	  
concentrations	  genome	  libraries	  were	  prepared	  using	  the	  Illumina	  NexteraXT	  kit.	  	  
Genomic	  DNA	  was	  tagmented	  to	  break	  the	  DNA	  into	  small	  fragments.	  	  The	  
fragmented	  DNA	  was	  PCR	  amplified	  to	  increase	  the	  concentration	  and	  add	  MiSeq	  
adaptors	  and	  barcodes.	  	  Then	  we	  cleaned	  the	  samples	  with	  magnetic	  beads	  and	  ran	  
a	  high	  sensitivity	  DNA	  assay	  with	  the	  Bioanalyzer.	  	  A	  few	  of	  the	  isolates’	  Bioanalyzer	  
data	  showed	  their	  DNA	  was	  not	  concentrated	  enough,	  so	  we	  concentrated	  the	  
samples	  by	  evaporation	  using	  a	  rotovap.	  	  Next,	  we	  rechecked	  the	  concentrations	  
with	  the	  Qubit	  and	  converted	  the	  ng/μL	  readings	  to	  nanomol.	  	  The	  samples	  were	  
then	  pooled	  together	  and	  the	  Qubit	  concentration	  of	  the	  pool	  was	  checked	  and	  the	  
final	  nanomol	  was	  determined.	  	  From	  this	  point	  on,	  the	  MiSeq	  protocol	  for	  whole	  
genome	  sequencing	  was	  followed	  to	  clean	  the	  machine	  and	  finish	  prepping	  the	  pool.	  	  	  	  
Phylogenetic	  Tree	  
A	  phylogenetic	  tree	  was	  also	  prepared	  to	  compare	  the	  phylogeny	  of	  these	  
isolated	  using	  16S	  rRNA	  sequence	  matches	  of	  all	  the	  isolates.	  First,	  the	  edited	  16S	  
sequences	  were	  pasted	  into	  TextWrangler	  to	  prepare	  a	  fasta	  file.	  Then,	  the	  fasta	  file	  
of	  all	  the	  16S	  rRNA	  sequences	  were	  aligned	  using	  muscle	  in	  MEGA6	  (8,	  11).	  Next,	  a	  
neighbor-­‐joining	  phylogenetic	  tree	  was	  made	  from	  the	  aligned	  sequences	  (11).	  (5).	  
The	  neighbor-­‐joining	  phylogenetic	  tree	  was	  saved	  as	  a	  Newick	  file	  and	  then	  
visualized	  in	  iTOL	  to	  create	  the	  final	  phylogenetic	  tree.	  	  
Pan-­‐genome	  tree	  
	  
	   The	  complete	  genome	  sequences	  from	  Illumina	  MiSeq	  readings	  were	  saved	  
and	  assembled	  using	  SPAdes	  to	  form	  contigs	  of	  the	  genomes.	  	  Then,	  the	  contigs	  were	  
compared	  to	  each	  other	  and	  to	  other	  known	  Pseudoalteromonas	  species	  (14).	  	  The	  
files	  were	  uploaded	  into	  CMG	  Biotools	  to	  create	  a	  pan-­‐genome	  tree	  (14).	  	  Multiple	  
outliers’	  whole	  genome	  sequences	  were	  also	  uploaded	  from	  NCBI	  database	  and	  





Isolate	  Selection	  	  
	  
	   The	  10	  P.	  atlantica	  isolates	  used	  for	  phenotypic	  experimentation	  were	  
chosen	  from	  the	  32	  Pseudoalteromonas	  isolates	  in	  the	  Pan-­‐genomic	  tree	  in	  Figure	  2.	  
The	  isolates	  were	  chosen	  in	  order	  to	  capture	  an	  isolate	  from	  each	  basin	  from	  all	  of	  
the	  different	  branches	  of	  the	  Pan-­‐genomic	  tree.	  	  This	  would	  allow	  us	  to	  see	  what	  
physical	  and	  genetic	  characteristics	  caused	  the	  isolates	  from	  the	  same	  basin	  to	  fall	  
into	  different	  branches	  of	  the	  whole	  genome	  tree.	  	  Furthermore,	  it	  can	  reveal	  similar	  
properties	  that	  isolates	  from	  different	  basins	  share.	  	  In	  the	  first	  branch	  of	  the	  tree	  in	  
Figure	  1,	  GAB	  NS	  16	  A,	  GAB	  NB	  9D,	  GAB	  2/3	  16	  C,	  Angola	  30,	  and	  Angola	  22	  were	  
the	  isolates	  chosen.	  	  There	  were	  no	  Bermuda	  (CST)	  isolates	  that	  fell	  within	  the	  first	  
branch	  (Figure	  2).	  	  For	  the	  second	  major	  branch,	  there	  were	  many	  branch	  points	  
and	  branches	  within	  it;	  therefore,	  at	  least	  one	  isolate	  was	  taken	  from	  each	  of	  the	  
smaller	  clades.	  	  Angola	  9	  and	  7	  were	  chosen	  because	  they	  flanked	  the	  large	  and	  only	  
group	  of	  CST	  isolates	  (Figure	  2).	  	  These	  isolates	  could	  help	  determine	  the	  physical	  
similarities	  between	  the	  Angola	  and	  Bermuda	  isolates	  and	  reveal	  the	  differences	  
between	  all	  of	  the	  Angola	  isolates.	  	  Lastly,	  GAB	  NS	  16C	  was	  chosen	  since	  it	  was	  one	  
of	  two	  Australia	  isolates	  that	  was	  part	  of	  its	  own	  clade	  (Figure	  2).	  	  
Optimal	  Temperature	  Growth	  Curves	  
	   After	  selecting	  the	  10	  isolates,	  the	  glycerol	  freezer	  stock	  solution	  of	  each	  was	  
used	  to	  grow	  a	  fresh	  culture	  to	  perform	  optimal	  temperature	  growth	  curves.	  	  The	  
isolates	  were	  grown	  in	  Marine	  Broth	  at	  4,	  8,	  12,	  16,	  and	  21°C.	  	  These	  temperatures	  
were	  selected	  based	  on	  the	  temperatures	  the	  isolates	  were	  pulled	  from	  in	  their	  
respective	  basins	  as	  shown	  in	  Table	  1.	  	  Moreover,	  the	  temperatures	  were	  chosen	  to	  
allow	  a	  wide	  range	  for	  the	  isolates	  to	  grow	  in	  and	  to	  help	  better	  determine	  their	  
optimal	  temperature	  growth	  range.	  	  Each	  isolate	  was	  grown	  in	  10	  mL	  of	  Marine	  
broth.	  	  After	  the	  cells	  reached	  a	  log	  phase	  between	  0.300	  and	  0.400	  optical	  density	  
of	  600	  nm,	  1mL	  of	  the	  culture	  was	  pipetted	  into	  9	  mL	  of	  fresh	  media	  for	  a	  10%	  
dilution.	  	  Once	  in	  the	  fresh	  media,	  absorbance	  (optical	  density	  of	  600	  nm)	  readings	  
were	  recorded	  at	  a	  set	  time	  interval	  by	  using	  a	  spectrophotometer,	  and	  there	  were	  
three	  replicates	  of	  each	  isolate.	  	  The	  spectrophotometer	  was	  blanked	  with	  non-­‐
inoculated	  Marine	  broth	  frequently	  to	  ensure	  the	  machine	  was	  well	  calibrated.	  	  Once	  
a	  growth	  curve	  was	  generated	  for	  each	  isolate	  at	  the	  five	  different	  temperatures,	  the	  
isolates	  were	  grown	  in	  fresh	  media	  and	  then	  1	  mL	  of	  culture	  was	  pulled	  at	  the	  time	  
they	  reached	  log	  phase.	  	  The	  1	  mL	  of	  log-­‐phase	  culture	  was	  then	  transferred	  to	  9	  mL	  
of	  fresh	  media	  and	  final	  growth	  curve	  readings	  were	  taken	  for	  each	  isolate	  in	  each	  
temperature	  with	  three	  replicates.	  	  For	  both	  sets	  of	  growth	  curve	  readings,	  a	  large	  
batch	  of	  each	  isolate	  was	  grown	  so	  the	  starting	  optical	  density	  would	  be	  the	  same	  
for	  all	  temperature	  readings.	  	  The	  final	  optimal	  growth	  curve	  results	  were	  graphed	  
to	  determine	  the	  optimal	  temperature	  for	  each	  isolate	  and	  the	  graphs	  were	  included	  












Isolate	   Depth	  (m)	   Temperature	  °C	   Salinity	  
1:	  	  GAB	  NS	  16A	   200	   12.57	   35.12	  
2:	  	  GAB	  NS	  16C	  	   200	   12.57	   35.12	  
3:	  	  GAB	  2/3	  16C	   1650	   2.62	   34.62	  
4:	  	  GAB	  NB	  9D	   1901	   2.40	   34.69	  
8:	  	  Angola	  30	  19	  2/3	   850	   4.90	   34.60	  
7:	  	  Angola	  22	  24	  2/3	   960	   4.36	   34.62	  
6:	  	  Angola	  9	  19b	   1250	   4.20	   34.80	  
5:	  	  Angola	  7	  24b	   1450	   3.92	   34.93	  
10:	  	  CST	  1	  05-­‐1200	   1197	   5.62	   35.06	  
9:	  	  CST	  2	  03-­‐5000	   5005	   2.12	   34.85	  
	  
Table	  1:	  This	  table	  shows	  the	  basin,	  depth,	  temperature,	  and	  salinity	  each	  isolate	  
was	  pulled	  from	  in	  the	  ocean.	  The	  measurements	  were	  taken	  with	  the	  conductivity	  
temperature	  depth	  device.	  The	  temperatures	  in	  this	  chart	  were	  used	  to	  determine	  
which	  temperatures	  were	  selected	  for	  the	  optimal	  growth	  curves.	  	  
	  
	  
Phenotype	  Microarray	  (PM)	  Plates	  	  
	   The	  PM	  plates	  tested	  on	  the	  isolates	  were	  Carbon	  PM1,	  Nitrogen	  PM3B,	  and	  
Osmolyte	  PM9.	  	  A	  glycerol	  stock	  sample	  of	  each	  of	  the	  10	  isolates	  was	  used	  to	  grow	  
fresh	  cultures	  for	  PM	  plate	  analysis	  at	  14°C.	  	  The	  cultures	  were	  grown	  up	  to	  log	  
phase,	  approximately	  .300	  to	  .350	  OD,	  and	  then	  27mL	  of	  ONR7A	  media,	  3	  mL	  of	  
culture,	  and	  300μL	  of	  dye	  A	  was	  mixed	  for	  each	  isolate	  to	  have	  2	  replicates	  of	  each	  
metabolic	  source.	  100	  μL	  of	  the	  mixture	  was	  pipetted	  into	  each	  well	  of	  the	  PM	  plates	  
using	  a	  multipipetter.	  	  Once	  the	  PM	  plates	  were	  inoculated,	  they	  incubated	  for	  one	  
week	  at	  14°C.	  	  The	  plate	  concentrations	  were	  read	  with	  the	  Biolog	  Omnilog,	  which	  is	  
a	  high	  throughput	  assay	  for	  screening	  metabolism	  on	  many	  substrates	  at	  once	  to	  
compare	  and	  contrast	  the	  phenotypes	  (3).	  	  The	  plates	  were	  read	  at	  four	  separate	  
time	  plots;	  time	  0,	  time	  24	  hours,	  time	  72	  hours,	  and	  1	  week	  to	  ensure	  any	  delayed	  
growth	  was	  detected.	  	  The	  plates	  were	  also	  read	  visually	  with	  dye	  A	  at	  each	  time	  




P.	  atlantica	  isolates	  were	  sampled	  from	  distant	  basins	  	  
	   The	  three	  basins	  selected	  for	  sampling	  are	  very	  distant	  sites.	  The	  water	  
samples	  were	  taken	  south	  of	  Australia	  from	  the	  Great	  Australian	  Bight	  basin,	  off	  the	  
coast	  of	  Bermuda	  from	  the	  Western	  Atlantic	  basin,	  and	  off	  the	  coast	  of	  Angola	  from	  
the	  Eastern	  Atlantic	  basin	  as	  shown	  in	  the	  map	  below.	  	  
	  	  
Figure	  1:	  The	  stars	  on	  the	  map	  indicate	  the	  sampling	  sites	  with	  orange	  representing	  
the	  Great	  Australian	  Bite	  basin,	  white	  representing	  the	  Western	  Atlantic	  basin,	  and	  







Isolates	  were	  obtained	  from	  environments	  with	  different	  geochemistry	  
	   The	  depth	  of	  the	  samples	  collected	  from	  the	  three	  different	  basins	  varies	  
greatly	  from	  200	  m	  to	  over	  5,000	  m.	  	  In	  addition,	  the	  temperature	  of	  the	  sites	  ranged	  
from	  2°C	  to	  12°C.	  	  There	  were	  also	  significant	  dissolved	  oxygen	  differences	  between	  
the	  sites.	  	  However,	  only	  minor	  salinity	  differences	  were	  observed.	  	  
	  
Isolate	   Basin	   Depth	  (m)	   Temp	  (°C)	   Salinity	   Dissolved	  Oxygen	  
CST-­‐03-­‐5000	   Western	  Atlantic	   5005.049	   2.1253	   34.8582	   8.18	  
CST-­‐05-­‐1200	   Western	  Atlantic	   1197.356	   5.6213	   35.0644	   6.81	  
GAB-­‐SS-­‐09-­‐NB	   Great	  Australian	  Bight	   1901	   2.398	   34.691	   5.49	  
GAB-­‐SS-­‐16-­‐NS	   Great	  Australian	  Bight	   200	   12.574	   35.123	   7.98	  
GAB-­‐SS-­‐16-­‐2/3	   Great	  Australian	  Bight	   1650	   2.621	   34.624	   5.45	  
19-­‐2/3	   Eastern	  Atlantic	  (Angola)	   850	   4.9	   34.6	   2.18	  
19-­‐NB	   Eastern	  Atlantic	  (Angola)	   1250	   4.2	   34.8	   2.89	  
24-­‐2/3	   Eastern	  Atlantic	  (Angola)	   960	   4.366	   34.618	   3.06	  
24-­‐NB	   Eastern	  Atlantic	  (Angola)	   1450	   3.925	   34.93	   4.48	  
	  
Table	  2:	  Geochemical	  parameters	  of	  sampling	  sites.	  Temperature	  and	  depth	  vary	  
greatly	  between	  each	  site.	  The	  measurements	  were	  taken	  with	  the	  conductivity	  







P.	  atlantica	  isolates	  are	  present	  in	  distant	  deep	  sea	  basins	  
	   Of	  the	  over	  100	  isolates	  that	  were	  obtained,	  32	  isolates	  were	  classified	  as	  P.	  
atlantica.	  	  The	  32	  P.	  atlantica	  isolates	  chosen	  were	  found	  to	  have	  greater	  than	  99.5%	  
16S	  rRNA	  identity,	  despite	  the	  fact	  that	  they	  were	  obtained	  from	  three	  
geographically	  distant	  basins.	  	  The	  12	  isolates	  from	  Angola	  consisted	  of	  2	  from	  site	  
24	  near	  bottom	  (1450	  m),	  4	  from	  site	  24	  at	  2/3	  depth	  (960	  m),	  3	  from	  site	  19	  near	  
bottom	  (1250	  m),	  and	  3	  from	  site	  19	  at	  2/3	  depth	  (850	  m).	  	  The	  8	  Bermuda	  isolates	  
consisted	  of	  7	  from	  site	  1,200	  m	  and	  1	  from	  site	  5,000	  m,	  which	  was	  adjacent	  to	  the	  
Puerto	  Rico	  Trench.	  	  The	  Australia	  samples	  were	  comprised	  of	  9	  isolates	  total	  with	  2	  
isolates	  from	  station	  16	  2/3	  depth	  (1650	  m),	  1	  from	  station	  9	  near	  bottom	  (1901	  
m),	  and	  6	  from	  station	  16	  near	  surface	  (200	  m).	  	  The	  16S	  rRNA	  percent	  identity	  
shows	  the	  P.	  atlantica	  isolates	  are	  the	  same	  species	  with	  little	  to	  no	  16S	  rRNA	  
genetic	  variance	  between	  the	  isolates	  from	  distant	  locations.	  	  
	  
	  
Table	  3:	  16S	  rRNA	  Percent	  Identity	  of	  Pseudoalteromonas	  isolates	  taken	  from	  three	  
basins.	  All	  of	  the	  isolates	  have	  greater	  than	  99.5	  %	  16S	  relatedness,	  indicating	  they	  
are	  the	  same	  species,	  P.	  atlantica.	  
	  
	  
The	  P.	  atlantica	  	  isolates	  show	  no	  genetic	  diversity	  of	  16S	  rRNA	  phylogeny	  
A	  phylogenetic	  tree	  was	  built	  with	  the	  16S	  rRNA	  sequences	  of	  our	  P.	  atlantica	  
isolates	  along	  with	  select	  non-­‐Pseudoalteromonas	  spp.	  isolated	  from	  other	  
environments.	  	  The	  16S	  rRNA	  phylogenetic	  tree	  shows	  no	  genetic	  diversity	  exists	  
between	  the	  P.	  atlantica	  isolates	  on	  the	  16S	  genetic	  level.	  
	  
	  
Figure	  2:	  16S	  rRNA	  Phylogenetic	  tree	  shows	  that	  there	  are	  no	  geographic	  patterns	  



































’Pseudoalteromonas hodoensis strain H7’





’Pseudoalteromonas undina strain NCIMB 21
’Pseudoalteromonas carrageenovora strain 
’Moritella marina strain ATCC 15381’
’Pseudoalteromonas denitrificans strain N
’Photobacterium lipolyticum strain M37’
’Shewanella donghaensis strain LT17’
’Shewanella waksmanii strain KMM 3823’
’Shewanella marina strain C4’



































Whole	  genome	  tree	  confirms	  more	  genetic	  diversity	  exists	  between	  P.	  atlantica	  
isolates	  
	  
	   After	  creating	  the	  final	  pan-­‐genomic	  tree	  and	  comparing	  the	  results	  to	  the	  
16S	  rRNA	  phylogenetic	  tree,	  we	  concluded	  a	  much	  higher	  amount	  of	  genetic	  
diversity	  exists	  between	  the	  P.	  atlantica	  isolates.	  	  10	  of	  the	  P.	  atlantica	  isolates	  were	  
chosen	  from	  the	  whole	  genome	  tree	  as	  specified	  in	  the	  methods	  for	  further	  
phenotypic	  testing	  of	  optimal	  temperature	  and	  metabolism.	  	  
	  
	  
Figure	  3:	  This	  Pan-­‐genomic	  tree	  represents	  the	  32	  P.	  atlantica	  isolates	  that	  were	  
compared	  to	  their	  16S	  rRNA	  phylogenetic	  tree.	  From	  this	  whole	  genome	  tree,	  10	  
isolates	  were	  selected	  that	  fell	  into	  different	  clades	  in	  order	  to	  determine	  the	  
phenotypic	  differences	  that	  account	  for	  the	  genomic	  diversity.	  	  
	  
Optimal	  temperature	  growth	  curve	  results	  reveal	  optimal	  growth	  range	  for	  all	  
isolates	  is	  between	  12oC	  and	  21oC	  
	  
	   Each	  graph	  includes	  the	  five	  separate	  temperature	  growth	  curves	  for	  one	  
isolate.	  	  The	  results	  reveal	  that	  all	  isolates	  preferred	  a	  temperature	  range	  between	  
12°C	  and	  21°C.	  	  Since	  all	  isolates	  preferred	  the	  same	  temperature	  range,	  it	  is	  harder	  
to	  conclude	  any	  major	  definitive	  genomic	  differences	  that	  might	  correlate	  with	  
preferred	  temperature.	  	  It	  is	  important	  to	  note,	  however,	  that	  some	  isolates	  were	  
able	  to	  grow	  very	  well	  in	  temperatures	  that	  other	  isolates	  were	  not	  such	  as	  4°C	  and	  
8°C.	  	  These	  phenotypic	  differences	  might	  explain	  some	  minor	  genomic	  differences	  




Figure	  4:	  	  Optimal	  growth	  temperature	  for	  Isolate	  1	  is	  12°C.	  Growth	  in	  4°C	  was	  very	  
slow	  for	  isolate	  1	  and	  did	  not	  reach	  a	  high	  OD.	  Growth	  in	  8	  °C	  was	  much	  better	  for	  

































Figure	  5:	  Optimal	  growth	  temperature	  for	  Isolate	  2	  is	  12°C.	  Growth	  in	  4°C	  was	  
much	  slower	  and	  did	  not	  reach	  a	  high	  OD;	  Growth	  in	  8°C	  was	  much	  better	  for	  Isolate	  





Figure	  6:	  Optimal	  growth	  temperature	  for	  Isolate	  3	  is	  12°C.	  Growth	  in	  4°C	  and	  8°C	  




























































Figure	  7:	  Optimal	  growth	  temperature	  for	  Isolate	  4	  is	  12°C.	  Growth	  in	  16°C	  was	  not	  
as	  high	  as	  other	  Isolates.	  Isolate	  4	  shows	  the	  strongest	  affinity	  for	  12°C	  compared	  to	  
the	  other	  temperatures	  it	  was	  grown	  in	  and	  the	  growth	  curves	  of	  all	  the	  other	  




Figure	  8:	  Optimal	  growth	  temperature	  for	  Isolate	  5	  is	  12°C	  with	  16°C	  close	  behind.	  



























































Figure	  9:	  Optimal	  growth	  temperature	  for	  Isolate	  6	  is	  16°C.	  Growth	  in	  4	  and	  8°C	  is	  




Figure	  10:	  Optimal	  growth	  temperature	  for	  Isolate	  7	  is	  between	  12°C	  and	  16°C	  .	  



























































Figure	  11:	  Optimal	  growth	  temperature	  for	  Isolate	  8	  is	  12°C	  with	  16°C	  very	  close	  




Figure	  12:	  Optimal	  growth	  temperature	  for	  Isolate	  9	  is	  between	  12°C	  with	  16°C	  



























































Figure	  13:	  Optimal	  growth	  temperature	  for	  Isolate	  10	  is	  between	  12°C.	  Growth	  in	  4	  
and	  8°C	  is	  slow	  for	  Isolate	  10.	  
	  
	  
Phenotype	  Microarray	  of	  Carbon,	  Nitrogen,	  and	  Osmolyte	  sources	  reveal	  great	  
metabolic	  diversity	  between	  P.	  atlantica	  isolates	  
The	  Phenotype	  Microarray	  (PM)	  plate	  results	  show	  the	  differences	  and	  
similarities	  of	  metabolism	  between	  the	  10	  isolates	  in	  Carbon,	  Nitrogen,	  and	  
Osmolyte	  sources.	  	  All	  10	  P.	  atlantica	  isolates	  showed	  differences	  in	  their	  ability	  to	  
metabolize	  the	  three	  nutrient	  sources.	  	  These	  differences	  can	  account	  for	  some	  of	  
the	  genetic	  diversity	  of	  the	  isolates	  since	  each	  metabolic	  pathway	  has	  its	  own	  





































Carbon	  PM1	  Plate	  
	  
	  
Figure	  14:	  The	  differences	  in	  Carbon	  metabolism	  between	  the	  isolates	  is	  shown	  
with	  blue	  indicating	  similarities	  where	  all	  isolates	  grew,	  orange	  indicating	  at	  least	  
one	  or	  more	  isolate’s	  metabolism	  was	  different,	  and	  white	  indicating	  no	  metabolism	  















































































































































































































































































































































Nitrogen	  PM3B	  Plate	  
	  
Figure	  15:	  The	  differences	  in	  Nitrogen	  metabolism	  between	  the	  isolates	  is	  shown	  
with	  blue	  indicating	  similarities	  where	  all	  isolates	  grew,	  orange	  indicating	  at	  least	  
one	  or	  more	  isolate’s	  metabolism	  was	  different,	  and	  white	  indicating	  no	  metabolism	  
























































































































































































































































































































Osmolyte	  PM9	  Plate	  
	  
Figure	  16:	  The	  differences	  in	  Osmolyte	  metabolism	  between	  the	  isolates	  is	  shown	  
with	  blue	  indicating	  similarities	  where	  all	  isolates	  grew,	  orange	  indicating	  at	  least	  
one	  or	  more	  isolate’s	  metabolism	  was	  different,	  and	  white	  indicating	  no	  metabolism	  
for	  any	  isolate.	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The	  conflicting	  results	  from	  the	  16S	  and	  Whole	  Genome	  Phylogenetic	  trees	  
reveal	  that	  there	  is	  a	  higher	  amount	  of	  genetic	  diversity	  that	  exists	  within	  very	  
closely	  related	  species.	  	  In	  the	  16S	  rRNA	  tree,	  only	  the	  non-­‐Pseudoalteromonas	  
organisms	  showed	  genetic	  variance.	  	  However,	  the	  Whole	  Genome	  tree	  shows	  that	  
all	  of	  the	  P.	  atlantica	  isolates	  from	  the	  three	  basins	  have	  large	  genetic	  differences.	  
The	  Phenotype	  Microarray	  results	  confirm	  our	  hypothesis	  of	  great	  genetic	  diversity	  
between	  isolates	  by	  showing	  the	  many	  metabolic	  differences	  of	  Carbon,	  Nitrogen,	  
and	  Osmolyte	  sources.	  	  In	  addition,	  our	  hypothesis	  of	  different	  physical	  and	  
chemical	  environmental	  factors	  influencing	  the	  genomic	  differences	  of	  P.	  atlantica	  
isolates	  is	  confirmed.	  	  The	  metabolic	  differences	  can	  make	  up	  a	  large	  percentage	  of	  
the	  whole	  genomic	  differences	  seen	  in	  the	  Pan-­‐Genome	  tree	  because	  each	  metabolic	  
source	  has	  a	  specific	  gene	  sequence	  that	  encodes	  its	  function.	  	  Since	  the	  P.	  atlantica	  
isolates	  were	  found	  in	  different	  basins	  with	  varying	  environmental	  parameters	  and	  
depths,	  it	  is	  likely	  that	  the	  isolates	  acquired	  different	  metabolic	  abilities	  through	  
lateral	  gene	  transfer	  from	  DNA	  in	  their	  environment	  to	  increase	  their	  chances	  of	  
survival	  (2,	  13).	  	  These	  results	  indicate	  that	  16S	  rRNA	  based	  approaches	  are	  
insufficient	  to	  distinguish	  between	  closely	  related	  taxa;	  thus	  revealing	  the	  
importance	  of	  whole	  genome	  sequencing	  in	  identifying	  unknown	  bacteria.	  	  
	   The	  optimal	  temperature	  range	  for	  all	  10	  isolates	  was	  determined	  to	  be	  
between	  12°C	  	  and	  21°C,	  making	  the	  P.	  atlantica	  isolates	  psychrophiles.	  	  Even	  though	  
their	  optimal	  growth	  temperature	  is	  between	  12°C	  and	  21°C,	  most	  of	  the	  isolates	  
were	  pulled	  from	  much	  colder	  temperatures	  such	  as	  2°C	  and	  4°C.	  	  The	  isolates	  were	  
probably	  able	  to	  thrive	  in	  a	  less	  desirable	  environment	  because	  of	  an	  abundance	  of	  
carbon	  sources	  and	  nutrients	  available	  in	  the	  deeper	  and	  colder	  parts	  of	  their	  basin.	  	  
The	  optimal	  growth	  curve	  results	  reveal	  some	  phenotypic	  differences	  between	  the	  
isolates	  for	  temperatures	  outside	  of	  their	  optimal	  growth	  range.	  	  For	  many	  isolates,	  
growth	  in	  the	  colder	  temperatures	  of	  4°C	  and	  8°C	  was	  very	  slow,	  and	  the	  final	  
optical	  density	  readings	  were	  not	  high,	  while	  other	  isolates	  were	  able	  to	  thrive	  
much	  better	  in	  the	  colder	  temperatures.	  	  Genes	  that	  impact	  their	  membrane	  
composition	  or	  metabolic	  rate	  may	  affect	  their	  ability	  to	  survive	  in	  colder	  
temperatures.	  	  For	  example,	  a	  cold-­‐active	  and	  salt-­‐tolerant	  α-­‐amylase	  gene	  has	  been	  
found	  in	  marine	  organisms	  that	  are	  able	  to	  survive	  in	  temperatures	  as	  low	  as	  0°C	  
(12).	  	  Differences	  in	  these	  cold	  genes	  might	  also	  account	  for	  some	  of	  the	  genomic	  
diversity	  between	  the	  isolates.	  	  Their	  ability	  to	  grow	  significantly	  at	  4°C	  is	  another	  
important	  adaption	  in	  these	  environments	  since	  oil	  has	  been	  shown	  to	  degrade	  
faster	  aerobically	  in	  colder	  waters	  (9).	  
Future	  Directions	  	  
Further	  research	  should	  be	  done	  to	  determine	  which	  cold	  genes	  are	  
impacting	  the	  isolates’	  ability	  to	  thrive	  better	  in	  colder	  environments,	  which	  may	  
help	  explain	  some	  of	  the	  genomic	  diversity	  between	  the	  closely	  related	  species.	  	  
More	  research	  should	  also	  be	  done	  to	  investigate	  the	  metabolic	  differences	  of	  the	  P.	  
atlantica	  isolates.	  	  Specifically,	  we	  should	  determine	  the	  exact	  metabolic	  pathways	  
that	  are	  accounting	  for	  the	  genomic	  differences	  between	  the	  isolates.	  	  Once	  the	  
metabolic	  pathways	  are	  determined,	  we	  should	  identify	  the	  identical	  pathways	  of	  
isolates	  from	  the	  same	  basin	  to	  determine	  if	  there	  are	  geographical	  patterns.	  	  These	  
patterns	  could	  further	  explain	  the	  differences	  of	  metabolic	  pathways	  between	  the	  
isolates,	  since	  isolates	  from	  the	  same	  basin	  will	  be	  more	  likely	  to	  laterally	  transfer	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